Background. Prolonged membrane depolarization induced by an electric shock in the heart may produce propagation block leading to repetitive beats. We studied prolonged depolarization and its role in repetitive beats in a thin epicardial layer of endocardially prefrozen arterially perfused rabbit heart. Methods and Results. A laser scanner recorded optical action potentials at 63 sites within a 1-cm2 area on the left ventricle of hearts stained with potentiometric fluorescent dye. Pacing (S1) produced propagation across the myofibers; then, a 3-millisecond shock (S2) given in the S1 refractory period produced an electric field that decreased in strength with distance along the fibers. The S2 strengths at the center of the scanned region (C) were 2.1±0.2 or 5.6±03 V/cm (mean±SD, n=4). Repetitive beats occurred in 50% of hearts when C was 2.1 V/cm and in 100% of hearts when C was 5.6 V/cm. With each occurrence of repetitive beats, prolonged depolarization of the shocked action potential occurred within 1 mm of the S2 electrode when C was 2.1 V/cm and within 3 mm when C was 5.6 V/cm. Transient block immediately after S2 occurred between tissue with prolonged depolarization (S2 strength, 6 to 9 V/cm) and tissue without prolonged depolarization (S2 strength, 1 to 3 V/cm). Propagation in the scanned region after S2 occurred first on the side of the block distal to the S2 electrode, propagated from the most recovered to the least recovered tissue, and then turned toward the S2 electrode. When C was 5.6 V/cm, reentry by retrograde propagation near the S2 electrode produced repetitive beats. The center of the reentrant circuit exhibited further transient block and small depolarizations associated with the circulating activation.
Background. Prolonged membrane depolarization induced by an electric shock in the heart may produce propagation block leading to repetitive beats. We studied prolonged depolarization and its role in repetitive beats in a thin epicardial layer of endocardially prefrozen arterially perfused rabbit heart.
Methods and Results. A laser scanner recorded optical action potentials at 63 sites within a 1-cm2 area on the left ventricle of hearts stained with potentiometric fluorescent dye. Pacing (S1) produced propagation across the myofibers; then, a 3-millisecond shock (S2) given in the S1 refractory period produced an electric field that decreased in strength with distance along the fibers. The S2 strengths at the center of the scanned region (C) were 2.1±0.2 or 5.6±03 V/cm (mean±SD, n=4). Repetitive beats occurred in 50% of hearts when C was 2.1 V/cm and in 100% of hearts when C was 5.6 V/cm. With each occurrence of repetitive beats, prolonged depolarization of the shocked action potential occurred within 1 mm of the S2 electrode when C was 2.1 V/cm and within 3 mm when C was 5.6 V/cm. Transient block immediately after S2 occurred between tissue with prolonged depolarization (S2 strength, 6 to 9 V/cm) and tissue without prolonged depolarization (S2 strength, 1 to 3 V/cm). Propagation in the scanned region after S2 occurred first on the side of the block distal to the S2 electrode, propagated from the most recovered to the least recovered tissue, and then turned toward the S2 electrode. When C was 5.6 V/cm, reentry by retrograde propagation near the S2 electrode produced repetitive beats. The center of the reentrant circuit exhibited further transient block and small depolarizations associated with the circulating activation.
Conclusions. Prolonged depolarization occurs where the S2 strength is more than 6 V/cm, block occurs between regions of prolonged depolarization and no prolonged depolarization, and reentry occurs around the block. Shock-induced prolonged depolarization can be proarrhythmic and may account for electrically induced arrhythmias. (Circulation. 1993; 88[part 11:2402 -2414 KEYWORDS * myocardial propagation * block * voltage-sensitive dye E a lectrical defibrillation-type stimulation given when the heart cells are undergoing an action potential can prolong the time until the action potential repolarizes, ie, produce prolonged depolarization.1-5 This effect of defibrillation-type stimulation is thought to lead to successful defibrillation by prolonging the refractoriness to and, hence blocking, activation fronts of fibrillation.2'3 On the other hand, prolonged depolarization has been hypothesized to lead to arrhythmias by creating a region of unidirectional block and reentry around the block.4,6-8 Reentry in the form of vortexlike waves produced by premature electrical stimulation was shown in intact hearts8 and isolated ventricular muscle. 9 However, the possible role of pro-Single-site intracellular microelectrode action potential recordings and optical transmembrane action potential recordings have shown the ability of shockinduced prolonged depolarization to enhance the refractoriness to a premature activation front.2'3 Twosite microelectrode action potential recordings have shown changes in the dispersion of repolarization produced by shocks having a nonuniform electric field. 5 The previous studies give insights into possible mechanisms of arrhythmia termination or induction by shocks, yet a full understanding of such mechanisms will probably require knowledge of action potentials at many locations in the heart.
Experiments with multiple extracellular recordings have shown a mechanism of reentry induction around a "critical point,"7'8 whereby a shock produces propagation block in a region where the electric field strength is greater than a critical strength, followed by retrograde propagation and reentry around the block. The experiments with extracellular recordings did not show The experiments described in this article were performed to determine the role of prolonged depolarization in the production of block in the heart and whether such block can lead to reentry. Multiple simultaneous fluorescence transmembrane action potentials were recorded during stimulation designed to produce prolonged depolarization, block, and reentry. The possibility of transmural propagation was eliminated by prefreezing the endomyocardium and midmyocardium. The recordings revealed a region of prolonged depolarization that was related to block of a premature activation front and reentry around the block.
Methods

Experimental Preparation
Experiments using a laser scanner system were performed with six rabbit hearts endocardially prefrozen with liquid nitrogen as described previously10'11 to produce an approximately 1-mm layer of surviving epicardium. The hearts were Langendorff perfused with Tyrode's solution at 36 to 37°C and an aortic pressure of 50 mm Hg containing 129 mmol/L NaCl, 4.5 mmol/L KCl, 1.8 mmol/L CaCl2, 1.1 mmol/L MgCl2, 14 mmol/L NaHCO3, 1 mmol/L Na2HPO4, 11 mmol/L glucose, and 40 mg/L bovine serum albumin (Sigma Chemical Co) and bubbled with 95% 02-5% CO2 and having pH 7.3 to 7.4. In all hearts, warm Tyrode's solution flowed on the ventricular epicardium in addition to the perfusion through the ventricular arteries, which helped to maintain epicardial normothermia. Diacetyl monoxime was added at a concentration of 20 the responses to shocks given in the refractory period were performed in three nonendocardially prefrozen rabbit hearts that were paced at an S1 cycle length of 500 milliseconds. In all hearts, the S1 cycle length was shorter than the intrinsic cycle length.
Optical Recordings Hearts were stained with a transmembrane voltagesensitive optical dye, WW781, added to the perfusate reservoir at a concentration of 0.005 mg/mL. In one experiment, the dye di-4-ANEPPS (Molecular Probes, Inc, Eugene, Ore), which we found to give a higher fractional fluorescence than WW781 in this preparation, was used to stain the heart for two minutes at a concentration of 0.01 mg/mL added to the perfusate in dye-saturated ethanol.13 Prolonged depolarization, propagation block, and repetitive beats were determined from simultaneous fluorescence recordings that correspond to transmembrane voltages.14'15 Recordings were obtained from an array of uniformly spaced laser spots (grid) on the anterior or posterior left ventricle (see "Appendix").
Determination of Fiber Orientation
The direction of the fiber axis was determined by stimulating at the center of the grid during diastole with a wire electrode (platinum/iridium; diameter, 200 ,um) and evaluating the long axis of elliptical isochrones. The grid was then rotated so that the side facing the S2 electrode was perpendicular to the long axis. Examination of serial sections from the epicardium of two hearts indicated that the dominant fiber direction was the direction of fastest propagation.
Stimulation Electrodes
The heart was stimulated with an S2 electrode array aligned with one side of the grid (Fig 1) . The array consisted of 16 electrodes 0.5 mm apart on centers. The individual chlorided Ag electrodes were 36-gauge wire bent through 1800 near the end and fed through two preformed holes in flexible silicone ribbon. An approximately 0.2x0.1 mm-outer area of the bend contacted the heart. The ribbons were mounted on soft sponge blocks (thickness, 1 cm) so that the array could easily fit the contour of the epicardial surface. The sponges were cemented to a Plexiglas holder attached to a manipulator. The final positions of the electrode array and laser grid were adjusted slightly so that the electrodes were within approximately 1 mm of the nearest laser spots and did not block the laser beam.
A cup-shaped S2 return electrode consisting of Tyrode's-saturated sponge underlaid with Parafilm on a wire frame held with a flexible wire was positioned on the side of the heart opposite the S2 stimulation electrode and laser grid. The area of contact of the return electrode with the heart was approximately 2 cm2.
Bipolar pacing (S1) with 3-millisecond constant current stimuli at 1.5 -fold to twofold the diastolic threshold strength was performed from a side of the grid perpendicular to the S2 electrode. The S1 produced propagation across the fibers. Constant voltage 3-millisecond S2 stimulation was then applied from the S2 electrode oriented across the fibers and the return electrode. The S2 electric field strength decreased with distance along the fibers. S2 strengths measured at the center of the grid were 2.1±0.2 or 5.6±0.3 V/cm (mean±SD).
Measurement of Electric Field Strength
The epicardial electric field produced by S2 was measured in the center of the grid and the centers of each of the quadrants of the grid with an array of four recording electrodes. Voltage gradients were determined by dividing differential voltages by interelectrode distances (see "Appendix").
The typical electric field orientation in the center of the grid was perpendicular to the S2 electrode while the field orientations in the centers of the quadrants of the grid were at an angle of 20 to 350 on either side of the perpendicular to the S2 electrode.
Before optically recording, we determined the S2 voltages necessary to produce electric field strengths of approximately 5 V/cm and 2 V/cm in the center of the grid. The electric field strengths produced by these S2 voltages were then determined in the centers of each of the quadrants of the grid. The recording electrode array was then removed. After optical recording, we again placed the array in the center of the grid to verify that a 5-V/cm electric field was still produced with the same S2 voltage as before.
Stimulation Protocol During Fluorescence Recordings
In two hearts, trials were performed with an S2 electric field strength of approximately 2 V/cm in the center of the grid and an S1-S2 interval within the range of 150 to 200 milliseconds. In four hearts, a full stimulation protocol was performed that included 11 trials with each of two S2 strengths in the center of the grid of 2.1±0.2 and 5.6±0.3 V/cm. Each of the 11 trials for each S2 strength consisted of a train of four S1 stimuli, which was sufficient to ensure that propagation was produced by S1 stimulation. Then, S2 was given at an S1-S2 interval that scanned a 40-millisecond time window in the S1 relative refractory period in 4-millisecond increments. The time window ranged from 20 milliseconds less than to 20 milliseconds more than the action potential duration at 90% repolarization determined from a pressure-type monophasic action potential electrode located adjacent to the grid (Fig 2A) .
Data Analysis
Activation times were automatically picked by a computer as the time of the midpoint of the fast rising phase of the optical action potential as previously described. 11, 14 Small rising phases that arose in tissue near the S2 electrode immediately after the S2 stimulation from transmembrane potentials less negative than the midpoint of the rising phase for S1-induced action potentials did not show the delay from one spot to the next that was typical of the larger propagating rising phases. Instead, the small rising phases for recording spots near the S2 electrode occurred within a shorter time interval than would occur due to propagation. To exclude nonpropagated responses, the timings of small responses arising from transmembrane potentials less negative than the midpoint of the rising phase for S1-induced action potentials were not included in the isochronal maps.
Results
Electric Field Produced by S2 Stimulation Fig 1 shows the distribution of the electric field produced by S2 stimulation. The arrows indicate the mean direction of the electric field for anodal S2 from four hearts. The magnitudes of the voltage gradients (mean+±SD) at the center of the grid and the centers of each of the quadrants of the grid produced by the stronger of the two S2 studied with the laser scanner are shown. In each of three hearts, the consistency of the distribution of the S2 voltage gradients was evaluated for three different applied S2 strengths that produced voltage gradients in the center of the grid of approximately 1, 2, or 5 V/cm. The gradient at any one recording location expressed as a multiple of the gradient at the central location was constant for all S2 strengths to within 5%, indicating that the distribution of the voltage gradients was consistent from one S2 strength to another. Propagation, Propagation Block, and a Repetitive Beat Produced by a Weak Shock Fig 2A shows the activation pattern produced by the last S1 pacing stimulus preceding S2 on the anterior left ventricle of a rabbit heart in which the potentiometric dye, di-4-ANEPPS, was used. The bipolar S1 stimulation produced slow propagation across the fibers with a velocity normal to the isochrones of 12.6 cm/s.
Fig 2B shows the effect of the S2 given near the top of the grid at an S1-S2 interval of 162 milliseconds, which was in the relative refractory period of the S1-induced action potential. The S2 electric field magnitude in the center of the grid was approximately 2 V/cm. The earliest recorded activation, 12 milliseconds after the onset of S2, occurred in the upper left part of the grid where tissue was most recovered from the S1 action potential and nearest the S2 electrode. The activation propagated along the fibers away from the S2 electrode and then across the fibers and toward the tissue that was refractory to the S2. Propagation block (indicated by the hatched line) occurred in tissue that was near the S2 electrode and was not sufficiently recovered from the last S1 action potential to become excited by S2. Propagation did not enter the region of the S2 electrode but instead occurred in tissue at least approximately 2 mm away from the S2 electrode. Fig 2C shows After the small depolarization induced by S2 at spot 55, the membrane repolarized to approximately 75% of the S1 action potential amplitude and then underwent a large depolarization that corresponds to the propagated response shown in Fig 2B below the block. The final action potential depolarization to occur in recordings from the top row of spots corresponds to the repetitive beat shown in Fig 2C. During the time after the S2 depolarization response and before the repetitive beat, the recordings from the top row of spots did not fully repolarize to the baseline. Instead, small depolarizations occurred during this time. For recording spots 31 and 39 (Fig 3) , there were two such depolarizations. The first of these small depolarizations was approximately simultaneous with the propagated response immediately after S2 shown in Fig 2B below the block. This propagation is seen at recording spots 24 through 28 or spots 32 through 36 as the third depolarization in each recording. The amplitude of this depolarization was constant at spots 24 through 28 or spots 32 through 36, ie, where the propagated response immediately after S2 shown in Fig 2B occurred , and decreased through spots closer to the S2 electrode, eg, spots 29 through 31 or spots 37 through 39.
The second small depolarization at spots 31 and 39 that occurred after the S2 depolarization response and before the repetitive beat (Fig 3) was not simultaneous with any propagation seen in the grid. Unlike the first small depolarization, the second small depolarization had an amplitude of zero at recording spots 24 through 28 or spots 32 through 36 and increased through spots closer to the S2 electrode, eg, spots 29 through 31 or spots 37 through 39.
The interval between the two small depolarizations after the S2 depolarization response and before the repetitive beat was 79 milliseconds at spot 31 and 60 milliseconds at spot 39. These values are approximately half of the intervals between the first activation after S2 (ie, the activation in Fig 2B) and the repetitive beat (ie, the activation in Fig 2C) . For example, at spots 29 and 37, the first activation after S2 (third depolarization at spots 29 and 37 in Fig 3) occurred 38 milliseconds and 43 milliseconds after S2, respectively (Fig 2B) , and the repetitive beat (fourth depolarization at spots 29 and 37 in Fig 3) occurred 193 milliseconds and 201 milliseconds after S2, respectively (Fig 2C) . Therefore, the interval between the first activation and the repetitive beat was 155 milliseconds at spot 29 and 158 milliseconds at spot 37, ie, approximately twice the interval between the small depolarizations described at nearby spots 31 and 39. Such a 2:1 relationship would be expected in the center of a reentrant circuit. There, the small depolarizations may be produced by intercellular current when propagation occurs on either side.
The longer interval between the two small depolarizations described at spot 31 (ie, 79 milliseconds) compared with spot 39 (ie, 60 milliseconds) is partly due to the time delay of propagation from left to right in the grid (Fig 2B) . The longer interval is also consistent with time delay of possible retrograde propagation from right to left above the grid.
Thus, the relationship of the first of the two small depolarizations described at spots 31 and 39 with propagation below the region of block suggests that the second small depolarization may be related to propagation above the region of block. The fact that these small depolarizations occurred twice as frequently as activations below the block further suggests that retrograde propagation above the block produced the second small depolarization. However, propagation above the block was outside of the field of view of the scanner in this experiment. In other experiments, a larger S2 strength was used so that the critical S2 strength for prolonged depolarization and block occurred closer to the center of the grid. This allowed examination of relationships of the S2-induced prolonged depolarization to the block and of the small depolarizations after S2 to propagation below and above the block.
Propagation, Propagation Block, and Repetitive Beats Produced by a Strong Shock Fig 4 shows activation maps of the electrical induction of repetitive beats in a different experiment in which the S2 voltage was stronger than that in Figs 2 and 3. Fig 4A shows the activation pattern after the last S1 stimulation, which produced propagation across the myocardial fibers from left to right as seen previously (Fig 2A) .
Fig 4B shows the effect of the strong S2 given at an S1-S2 interval of 236 milliseconds, which was in the relative refractory period of the last S1-induced action potential. The electric field magnitude was 8.1 and 9.4 V/cm in the centers of the two quadrants of the grid closest to the S2 electrode, 5.7 V/cm in the center of the grid, and 2.7 and 3.1 V/cm in the centers of the two quadrants of the grid farthest from the S2 electrode. The earliest recorded activation, 64 milliseconds after the onset of S2, occurred where the tissue was most recovered from the last S1. The activation propagated from left to right across the fibers toward the less recovered tissue. Propagation block occurred in the center of the grid. Activation pivoted at the right end of the block and propagated toward the S2 electrode. Activation then pivoted further and propagated retrogradely, first slowly (2.8 cm/s) and then more rapidly, into the upper left part of the grid. The activation then reentered the lower left part of the grid, thus completing the first cycle of counterclockwise reentry.
Figs 4C and 4D show the activation patterns of the repetitive beats that occurred after the S2 response shown in Fig 4B. During the first repetitive beat (Fig  4C) The S1-S1 interval was 500 milliseconds.
last repetitive beat (Fig 4D) , the activation propagated from the lower left part of the grid upward and to the right, merged with activations entering the grid from above and the right, and terminated with block in the upper left part of the region. Prolonged Depolarization Produced by a Strong Shock Fig 5 shows the optical transmembrane action potentials from the experiment shown in Fig 4. As described, we considered the S2-induced depolarizations (arrows) in the region near the S2 electrode to be direct responses to the S2 shock. Such responses occurred within the top half of the grid; however, their amplitudes decreased with distance from the top (eg, scanning from spots 23 to 20). In the region of block, ie, near the center of the grid, additional small depolarizations with amplitudes approximately one fifth as large as the S1-induced action potential amplitude occurred after the S2-induced depolarization. Each of these small depolarizations was temporally related to the circulating propagation on either side of the block. For example, at recording spot 20, the first small depolarization following the S2-induced depolarization occurred almost simultaneously with the propagated S2 response in the lower part of the grid (spots 19 through 16) that is shown in Fig 4B. The amplitude of this small depolarization at spot 20 increased at recording spots closer to the propagation, ie, scanning downward, and decreased at spots farther from the propagation, ie, scanning upward.
The next depolarization at recording spot 20, which was larger than the one just described at spot 20, occurred almost simultaneously with the retrograde propagation in the upper part of the grid (eg, spots 21 through 23) shown in Fig 4B. The amplitude of this depolarization at spot 20 increased at recording spots closer to the retrograde propagation, ie, scanning upward, and decreased at spots farther from the retrograde propagation, ie, scanning downward. Similar relationships of the small depolarizations after the direct S2-induced depolarization with propagation on either side of the block could be seen in most of the region of block (eg, spots 11 through 13, spots 27 through 29, and spots 35 through 37).
Mechanism of Repetitive Beats
In the four hearts in which recordings for weak and strong S2 delivered over a range of coupling intervals were obtained, the percentages of the hearts in which one or more repetitive beats occurred (ie, a beat in addition to the propagated response immediately after S2) were determined. For S2 that produced 2.1 V/cm at the center of the grid, repetitive beats occurred in 50% of the hearts. For S2 that produced 5.6 V/cm at the center, repetitive beats occurred in all of the hearts.
Previous microelectrode recordings from isolated papillary muscles in different states of recovery and with different S2 electric field strengths have suggested that the S2-induced prolonged depolarization may lead to block and reentry by the critical point mechanism.4'8 The present results support that conclusion. Enlargements of just the response to the last S1 and S2 (Fig 6) indicate that markedly prolonged depolarization occurred where the S2 electric field strength was greater than approximately 5.6 V/cm (spots 36 through 39) but not where the strength was less than 3 V/cm (spots 32 and 33), in agreement with the recordings from papillary muscles. 4 In all hearts, markedly prolonged depolarization of the last S1-induced action potential by the strong S2 was observed within 3 mm of the S2 electrode with each occurrence of repetitive beats. Furthermore, lines of transient block, eg, Fig 4B , occurred between tissue with markedly prolonged depolarization in which the S2 electric field strength was 6 to 9 V/cm and tissue without prolonged depolarization in which the S2 strength was 1 to 3 V/cm. Thus, the prolonged depolarization was spatially related to the block. Maps of repetitive beat induction when the S2 electric field strength at the center of the grid was 5.6±0.3 V/cm showed early propagation after S2 where the S2 electric field strength was 1 to 3 V/cm, then propagation around the block and toward the S2 electrode, consistent with the mechanism of reentry induction previously explained from sequential recordings in papillary muscles. 4 
Effect of Diacetyl Monoxime on Refractory Period Prolongation
The recordings of action potential repolarization with the laser system required elimination of myocardial contraction, which was accomplished by adding diacetyl monoxime to the perfusing solution. In three additional hearts, we studied whether shock-induced refractory period prolongation, previously observed without diacetyl monoxime,2324 occurs with 20 mmol/L diacetyl monoxime in the solution. In all three hearts with 20 mmol/L diacetyl monoxime in the perfusing solution, refractory period prolongation was produced by S2 given during the second half of the refractory period. Fig 7 shows results from one of the hearts in which refractory period prolongation (Fig 7A) was determined for S2 that scanned the relative refractory period in increments of 10 to 20 milliseconds. Without diacetyl monoxime (control), S2 given during the second half of the refractory period prolonged the refractory period 30 to 85 milliseconds. Adding 20 mmol/L diacetyl monoxime shortened the refractory period by approximately 20%, yet with S1-S2 intervals expressed as a fraction of the refractory period, the S2 produced similar refractory period prolongation with or without diacetyl monoxime. With 20 mmol/L diacetyl monoxime still present, action potential prolongation1-4 was measured with a monophasic action potential electrode positioned where the refractory period prolongation had been measured. The action potential prolongation (Fig 7B) (Fig 3) , prolonged depolarization occurred at the top row of recording spots where the S2 electric field strength was more than 3 V/cm. When the stronger S2 was used (Fig 5) , prolonged depolarization occurred at most recording spots in the upper half of the grid where the electric field strength was at least 5.7 V/cm. Thus, an S2 strength of approximately 3 to 5.7 V/cm was required for pro- The heart was stained with the potentiometric fluorescent dye WW781. The calibration bar to the left of channel 0 represents a 2% increase in the fluorescence for that channel. Fractional change in the fluorescence during the upstroke of the S1-induced action potential in the recordings ranged from 0.6% to 2.5%. An arrow below each recording in the top row indicates the S2 timing. Action potential produced by the last S1 and the response to the S2 are shown. Recordings were passed through a 22-point smoothing filter. Spike at the beginning of each trace is an artifact produced by the filter. Prolonged depolarization by S2 was greatest in the upper half of the grid where the S2 electric field strength was greater than 5.7 V/cm. In the top row, the least prolongation occurred at recording spots 55 and 63, and the prolongation increased at spots farther to the left. The full-sized action potential depolarizations after S2 at spots 55 and 63 were not direct S2 responses but resulted from the propagated response that occurred below and to the right of the hatched block line shown in Fig 4B. Retrograde propagation in the upper part of the grid then reentered at spot 3. Subsequent counterclockwise propagation shown in Fig 4C led to further reentry at recording spot 2 and then the propagation shown in Fig 4D, which was the final repetitive beat. During the circulating propagation, multiple small depolarizations in the region of block were temporally related to propagation on either side of the block.
longed depolarization. This is consistent with a reported critical value of 3 to 5 V/cm required for prolonged depolarization.4 Also, the prolonged depolarization increased with increases in the electric field strength above the critical strength (Fig 6) , which is consistent with previous reports.1-4
Prolonged depolarization where a given supracritical S2 electric field strength occurred was larger for tissue that was more recovered from the last S1-induced action potential. For example, in the top row of recording spots in Fig 5, reports that the prolonged depolarization is larger in tissue that is more recovered.'-4 Thus, the prolonged depolarization reported in intact canine hearts,' cultured chick myocytes,2 isolated frog myocardial strips,23 isolated perfused rabbit hearts,3 and isolated rabbit papillary muscles4 are all in qualitative agreement with the prolonged depolarization produced by S2 in these hearts.
Propagation Block at the Border of the Myocardium Undergoing Prolonged Depolarization
Prolonged depolarization was spatially related to propagation block after S2. The block occurred at the boundary of myocardium that underwent prolonged depolarization and myocardium that did not undergo prolonged depolarization. This occurred for both the weak S2 and the strong S2. For the weak S2, both the boundary of prolonged depolarization and the block occurred approximately 2 mm away from the S2 electrode. For the strong S2, the boundary of prolonged depolarization occurred approximately at the center of the grid, ie, 5 mm away from the S2 electrode. Likewise, the block for the strong S2 occurred at the center of the grid.
Such a relationship between prolonged depolarization and block can be explained by the effect of prolonged depolarization on cellular potentials. A previous study4 indicated that prolonged depolarization decreases the variation of intracellular potentials among cells and hence decreases the intercellular currents of propagation and prolongs the duration of transmembrane potentials at which the voltage-dependent inward transmembrane sodium current is inactivated.'6 Both intercellular current and inward transmembrane sodium current are important for propagation, and hence, decreasing them should contribute to propagation block.
The precise position of the block within the grid in these experiments depends on the criteria for block. We considered small S2-induced depolarizations arising from transmembrane potentials less negative than the midpoint of the S1-induced action potential as block and not propagation. In this way, we distinguished the propagated depolarizations that we observed from those that did not propagate, which was verified from the timing of their maximum dV/dt. If a cutoff value different from the midpoint of the S1-induced action potential had been used, the block would appear at a slightly different location.
After the S2-induced prolonged depolarization in the region of block, further prolonged depolarization in the region of block occurred when the circulating activation front passed on either side of the region of block (eg, the depolarizations described at spot 20 near the center of the region of block in Fig 5 that depolarization in whole rabbit hearts or isolated myocardium and have suggested a role of the prolonged depolarization in the production of block. The present study is the first demonstration of the spatial relationship of prolonged depolarization to block. Also, the present study, in which the hearts were endocardially prefrozen,'0 is the first test of the topological theorems for the initiation of reentry17"18 that used a thin epicardial layer.
Induction of Reentry by Electrical Stimulation in Relatively Refractory Myocardium
The fluorescence action potential recordings in this study illustrate the role of electrically induced prolonged depolarization in producing block that leads to the initial cycle of functional reentry. Previous studies with fluorescence techniques have mapped cycles of spiral wave reentry9 but have not studied the electrically induced effects on cellular repolarization that lead to the initial cycle. The initial cycle of electrically induced reentry has been mapped with extracellular electrodes, which provided high temporal resolution but could not indicate prolonged depolarization.8 Our transmembrane dye fluorescence recording method with 1-millisecond temporal resolution, combined with an electrical stimulation method that can induce predictable reentry,8 revealed the role of prolonged depolarization in the electrical initiation of reentry.
In some trials, we observed prolonged depolarization and block with no reentry or repetitive beats. This suggests that factors in addition to the prolonged depo- RPs with or without a 3-millisecond 1 00-mA S2 were determined using a 3-millisecond premature stimulation pulse (S3) at twice diastolic threshold strength and an epicardial recording electrode 5 to 10 mm away to monitor whether the S3 produced a propagated response. S1 pacing and S3 were delivered from the same bipolar electrode 3 mm from the S2 electrode. S2-induced RP prolongation was measured by subtracting the RP without S2 from that with S2. S2 at a given fraction of the RP produced RP prolongation that was similar with or without DM (control). B, S2-induced AP prolongation, measured at the same location where S3 had been delivered during RP determinations. S1 stimulation electrode was moved approximately 3 mm from where it had been. AP prolongation was determined by subtracting the AP duration measured at the terminal repolarization of the monophasic AP without S2 from that with S2. AP prolongation with 20 mmol/L DM in the perfusate was similar to RP prolongation with or without DM. S2 given after the end of the RP produced new APs. AP duration in the absence of S2 was 213 milliseconds. We observed repetitive beats with an S1-S1 interval of 250 milliseconds (Figs 2 and 3 ) or 500 milliseconds (Figs 4 and 5) . The S1-S2 intervals at which the repetitive beats occurred were smaller (Si-S2, 162 milliseconds) for the shorter Si-S1 interval than for the longer Si-S1 interval (Si-S2, 236 milliseconds). This is consistent with the shortening of the action potential plateau with decreases in the coupling interval.20 A critical timing for the repetitive beats arising by the critical point mechanism occurs when the tissue is relatively refractory,8 and hence a shortening of the plateau or refractory period by decreasing the beat-tobeat interval would decrease the Si-S2 interval required to produce reentry. Possible Role of Diacetyl Monoxime
We considered the possibility that diacetyl monoxime played a role in the effects of the shocks. Diacetyl monoxime does not have major effects on the sarcolemmal electrical properties and action potential characteristics, although it greatly reduces the contractile force. 12 The force reduction occurs mainly by a pronounced effect on the calcium sensitivity of contractile proteins.25-29 A less pronounced effect on the intracellular calcium has been reported25'27-31 that may result from changes in the intracellular handling of calcium and is not large enough to account for the contractile force reduction.25,27-2931 Diacetyl monoxime at a concentration of 20 mmol/L decreases the maximum dV/dt of the fast action potential upstroke in fully recovered guinea pig papillary muscles (stimulation frequency, 60 min '1) by 33% and increases the maximum dV/dt of the slow action potential upstroke induced by 22 mmol/L KCl and 10-6 mol/L isoproterenol by 25%. 12 The shock-induced prolonged depolarization in our fluorescence recordings is not an artifact introduced by diacetyl monoxime, since similar shock-induced prolonged depolarization occurs without diacetyl monoxime. [1] [2] [3] [4] [5] 22, 23 Evidence that the block and reentry were not introduced by diacetyl monoxime is that (1) block and reentry occurred only when S2 stimulation was given; (2) action potentials, propagation, prolonged depolarization, and block, which are important for reentry,6 all occur with or without diacetyl monoxime (present fluorescence results and References 3, 4, 8, 9, and 12); and (3) block and reentry induction by the critical point mechanism occur with or without diacetyl monoxime (present results and References 7, 8, 19, 32, and 33) . Furthermore, our measurements of refractory period prolongation show that shock-induced block of premature S3 responses occurs with or without diacetyl monoxime (Fig 7A) . Diacetyl monoxime is not without an effect on the electrical behavior, however, and may influence the critical S1-S2 interval for the induction of reentry. For example, the refractory period and action potential duration12,28 can be shortened by diacetyl monoxime, and hence the critical S1-S2 interval for reentry may be smaller or the location in the heart where reentry occurs may be shifted toward less recovered tissue. The S2 electric field strength required to produce prolonged depolarization and reentry that we obtained was similar to values reported without diacetyl monoxime,4'8 which suggests that diacetyl monoxime may not alter the critical S2 electric field strength. Possible Implications for Defibrillation Prolonged depolarization by shocks may terminate reentrant circuits or fibrillation by prolonging the refractory period and blocking activation fronts.'-4,21-24 '34 On the other hand, our results show that prolonged depolarization plays a role in inducing reentry. It is possible that the reentry that we observed may not be induced by a shock given during fibrillation because the cellular states at the time of the shock are disorganized compared with the highly organized S1-induced activation pattern at the time of the shock in our experiments. Further studies detailing propagation and block produced by shocks given during fibrillation are required to assess the possible roles of prolonged depolarization in electrical defibrillation.32 '33'35'36 
